Featured Application: This study may promote graphite to become a basic MEMS material, which is significant for the expansion of the scope and field of MEMS applications.
Introduction
With the continuous maturity of micro-/nanoprocessing technology, microelectromechanical systems (MEMS) with silicon as the basic material have been rapidly developed, and are used in aviation, biological, medical, and other fields [1] [2] [3] . Moreover, researchers are investigating new basic MEMS materials to meet the special needs of different applications. For example, flexible materials such as polydimethylsiloxane and polyimide film have been investigated and used as basic materials in preparing flexible and wearable MEMS devices [4] [5] [6] . High tensile-strength material has also been invented, such as the nickel-molybdenum-tungsten alloy, which is a strong material invented by Kevin J. Hemker's team at Johns Hopkins University. It has good tensile and high-temperature resistance to meet the demand for MEMS to work in harsh environments [7] . With the continuous expansion of the scope and field of MEMS applications, researching for new basic MEMS materials, suitable for different application fields, is receiving increasing attention.
Graphite is a globally abundant mineral.
It is a crystalline carbon with a hexagonal-layered-structure crystal lattice, each layer has the single-atom thickness of graphene [8] . This structure gives graphite excellent characteristics, such as conductivity, heat conduction, Appl. Sci. 2019, 9, 3103 2 of 8 high-temperature resistance, radiation resistance, and good chemical stability. For example, Zheng et al. found that superlubricity characteristics exist between micron-sized graphite layers in the atmosphere [9] . Moreover, they illustrated the importance of superlubricity characteristic in future technological applications, such as durable nano-and micro-electromechanical devices and mechanical bearings [10] . The other important characteristics such as conductivity and good chemical stability, have made graphite an important material for electrodes in the field of fuel cells [11] . The above characteristics may enable graphite become an important choice for basic MEMS materials and contribute to graphite-based MEMS to work under harsh conditions, such as in chemical corrosion, friction, and wear. However, micro-/nanoprocessing technology is the main method to fabricate MEMS devices. Therefore, graphite needs to meet the requirements of micro-/nanoprocessing technology to become a basic MEMS material. At present, Carbon-MEMS have been proposed and studied, Gong et al. [12] proposes a method of mixing polyimide with nano-graphite particle additive to increase the releasing rate of sacrificial layer. Wang et al. [13] [14] [15] fabricated C-MEMS/NEMS structure by pyrolysis of photoresists on silicon wafers at temperatures ranging from 600 to 1100 • C. Other researchers have used plasma-enhanced chemical vapor deposition (PECVD) to deposit nano-crystalline graphite (NCG) and apply NCG in MEM/NEM field [16, 17] . Moreover, researchers have carried out micro-/nanoprocessing on graphite and constructed micro-/nanostructures. Liu et al. [18] deposited SiO 2 films as a hard mask on the graphite surface, followed by lithography and etching processes on the graphite surface. Evans et al. [19] used aluminum film as a hard mask, followed by lithography and etching processes, and combined it with transfer technology to produce a 10-nanometer thick vermicular graphite. Divan et al. [20] used lithography and lift-off processes to fabricate metal microstructures on the graphite surface. Junji et al. [21] [22] [23] fabricated graphite-MEMS with titanium film as a hard mask coating on the graphite, then processed photoresist patterns on the titanium film. To the best of our knowledge, the current process of graphite etching relies on metal or metal oxide as a mask material, almost no research on the direct etching of the graphite surface after lithography is available. Moreover, no relevant research on the stability of graphic imaging during the direct lithography of the graphite surface is available. Besides, direct lithography is easier for obtaining images on MEMS than processing methods using metal as the intermediate layer. In addition, lithography of MEMS basic material is an important process step, basically become the foundation of other MEMS process technology, besides, direct lithography on MEMS basic material could improve the processing efficiency of MEMS. Therefore, stable lithography and the direct etching of basic materials are crucial in the fabrication of MEMS devices. In this paper, direct lithography on the graphite surface was investigated to analyze photoresist image stability, and the graphite with photoresist was directly etched so as to analyze the adaptability of graphite as a basic MEMS material, which may support the use of graphite to fabricate MEMS.
Materials and Methods
Optical lithography [24] [25] [26] [27] is a parallel micro-/nanographic-imaging method that is commonly used in MEMS processing. In addition, etching process [28] [29] [30] [31] is an important micro-/nanostructure process in MEMS and that is usually performed after lithography. Therefore, this paper investigated the direct lithography on the graphite surface via lithography to examine the stability of direct photoresist pattern imaging on the graphite surface. Furthermore, utilized the commonly used etching technique, reactive ion etching (RIE), to micro-process the graphite with photoresist patterns. First of all, we prepared photoresist patterns of different shapes and sizes on the graphite surface, for investigating the stability of direct photoresist pattern imaging on the graphite with the process show in Figure 1a -d. Therefore, a lithographic mask template that contains mask patterns of different shapes and sizes was designed and fabricated. Figure 2a and Figure S1a show the mask under an optical microscope. The mask template contained large quantities, neatly arranged shapes, and different sizes (4-20 µm) of circular and square mask patterns.
1×reduction; the exposure dose is 40 mw for 6 s). (d) The graphite with photoresist was developed and baked. (e) The graphite with photoresist was etch with an O2-based RIE (Etchlab 200 reactive ion etching machine; SENTECH Instruments GmbH; Germany). At same time, photoresist is also etched, but it not be entirely etched while processing nanometers height of graphite structures, so the graphite micro-/nano structures with photoresist were fabricated. (f) The graphite microstructure with photoresist was placed in acetone to remove the photoresist. (g) Finally, the designed micro-/nano structure pattern was fabricated on the graphite. 
Results and Discussion
Photoresist patterns were directly processed on the graphite surface based on the aforementioned micro-/nanotechnology, shown in Figure 1a -d. In addition, Figure 2b ,c and S1b show the photoresist patterns observed under an optical microscope. Figure 3d -h show the photoresist pattern observed under atomic-force microscopy (NTEGRA Solaris, T-MDT Company, Russia). As can be seen from the above Figures, lithography could be directly applied to the micrograph of the graphite surface, and photoresist patterns of different shapes and sizes can be stably and controllably processed in large quantities. Moreover, the microstructure of the photoresist processed on the graphite surface was neatly arranged. Figure 2b -e shows that the height of the photoresist ranges from 565 nm-579 nm, which means the photoresist has good height uniformity. Additionally, the photoresist pattern shown in Figure 2b was processed from the mask pattern in the mask template shown in Figure 2a . The pattern comparison in Figure 2a ,b shows that the photoresist pattern obtained by lithography on the graphite surface is substantially identical to the pattern on the designed mask template. This finding indicates that the graphite surface can be directly processed by lithography. Therefore, different the photoresist patterns can be designed according to requirements, and various photoresist patterns and photoresist microstructures can be accurately and controllably processed on graphite surface by optical lithography. Base on the above lithographic mask template, we performed optical lithography and direct etching on the highly oriented pyrolytic graphite (HOPG) (B-grade graphite, Bruker Company, Germany; size: 12 mm × 12 mm × 2 mm) surface by using optical lithography and RIE, as shown in Figure 1a , HOPG with a freshly cleaved surface was obtained. (b) A photoresist (AZ 9912) film layer was coated on the HOPG by using a spinner. (c) The graphite with the photoresist film was masked with a lithographic mask template. Furthermore, it was exposed with an exposure tool (mask aligner H94-25, Sichuan Nanguang vacuum technology co. Ltd., China) and exposure parameter (i-line; 1×reduction; the exposure dose is 40 mw for 6 s). (d) The graphite with photoresist was developed and baked. (e) The graphite with photoresist was etch with an O 2 -based RIE (Etchlab 200 reactive ion etching machine; SENTECH Instruments GmbH; Germany). At same time, photoresist is also etched, but it not be entirely etched while processing nanometers height of graphite structures, so the graphite micro-/nano structures with photoresist were fabricated. (f) The graphite microstructure with photoresist was placed in acetone to remove the photoresist. (g) Finally, the designed micro-/nano structure pattern was fabricated on the graphite. By using the etching process shown in Figure 1e -g, the designed microstructure pattern was machined on the graphite. Furthermore, the graphite micro-/nanostructures was characterized by atomic-force and scanning-electron microscopy. The result shows that the photoresist could still resist plasma etching before it was completely etched. As we can see from the Figure 3 , part of photoresist is etched by the oxygen plasma, but most of photoresist still covered on the graphite surface with about 45° sidewall. Although the oxygen plasma is also a photoresist etching, the 600 nm thickness photoresist still can resist the O2 etching while process tens of nanometers height of graphite structures. Moreover, we studied the amount of photoresist etched during process graphite micro-/nanostructures. The result shows that about 100 nm amount of photoresist etched during process about 30 nm amount of graphite. For example, a 1.06 μm thickness of photoresist would have resulted in 957 nm thickness of photoresist left behind after etching, and a thicker thickness of photoresist would have resulted in more photoresist left behind. 
Photoresist patterns were directly processed on the graphite surface based on the aforementioned micro-/nanotechnology, shown in Figure 1a Figure 2d -h show the photoresist pattern observed under atomic-force microscopy (NTEGRA Solaris, T-MDT Company, Russia). As can be seen from the above Figures, lithography could be directly applied to the micrograph of the graphite surface, and photoresist patterns of different shapes and sizes can be stably and controllably processed in large quantities. Moreover, the microstructure of the photoresist processed on the graphite surface was neatly arranged. Figure 2b -e shows that the height of the photoresist ranges from 565 nm-579 nm, which means the photoresist has good height uniformity. Additionally, the photoresist pattern shown in Figure 2b was processed from the mask pattern in the mask template shown in Figure 2a . The pattern comparison in Figure 2a ,b shows that the photoresist pattern obtained by lithography on the graphite surface is substantially identical to the pattern on the designed mask template. This finding indicates that the graphite surface can be directly processed by lithography. Therefore, different the photoresist patterns can be designed according to requirements, and various photoresist patterns and photoresist microstructures can be accurately and controllably processed on graphite surface by optical lithography.
By using the etching process shown in Figure 1e -g, the designed microstructure pattern was machined on the graphite. Furthermore, the graphite micro-/nanostructures was characterized by atomic-force and scanning-electron microscopy. The result shows that the photoresist could still resist plasma etching before it was completely etched. As we can see from the Figure 3 , part of photoresist is etched by the oxygen plasma, but most of photoresist still covered on the graphite surface with about 45 • sidewall. Although the oxygen plasma is also a photoresist etching, the 600 nm thickness photoresist still can resist the O 2 etching while process tens of nanometers height of graphite structures. Moreover, we studied the amount of photoresist etched during process graphite micro-/nanostructures. The result shows that about 100 nm amount of photoresist etched during process about 30 nm amount of graphite. For example, a 1.06 µm thickness of photoresist would have resulted in 957 nm thickness of photoresist left behind after etching, and a thicker thickness of photoresist would have resulted in more photoresist left behind. machined on the graphite. Furthermore, the graphite micro-/nanostructures was characterized by atomic-force and scanning-electron microscopy. In addition, we design experiments vary the oxygen flow rate (20 sccm; 30 sccm), power (100 W; 150 W) and pressure (7 Pa; 8Pa; 10 Pa) to find optimum RIE conditions to fabricate graphite micro-/nano structures with larger degree sidewall. The result shows that the etch rate of the graphite changed with the different etch conditions, e.g., we could get the etch rate of 0.93 nm/s and the 3.1 nm/s with the parameter of 10 Pa chamber pressure, 100 W power, 20 sccm oxygen flow rate; the etch rate of 1.2 nm/s with the parameter of 8 Pa chamber pressure, 100 W power, 20 sccm oxygen flow rate; the etch rate of 1.53 nm/s with the parameter of 7 Pa chamber pressure, 100 W power, 20 sccm oxygen flow rate. Therefore, the smaller the cavity pressure, the greater the etch rate of graphite. Besides, Figure 4 is the graphite nanostructures with about 23 • sidewall (Sentech's Etchlab 200 reactive ion etching machine; chamber pressure, 10 Pa; power, 100 W; oxygen flow rate, 20 sccm; etching rate 0.93 nm/s). As we can see from the Figure 4 , the sidewall of the micro-/nanoscale graphite structures obtained by using the photoresist as a mask relatively close to that obtained with an intermediate mask from reference [32] . Moreover, the amount of graphite etched ranges from 29.4 nm-30.9 nm, which means a micro-/nanoscale graphite structure we got has uniform height. Therefore, although it is quite difficult to achieve nanometer amount of graphite etched using photoresist as a mask, we found the process parameter, which is 10 Pa chamber pressure, 100 W power, 20 sccm oxygen flow rate. Besides, the graphite with photoresist patterns could be fabricated by RIE to produce neatly arranged graphite micro-/nano structures. Figure 3, Figure 4a ,d and Figure S2 show that circular graphite microstructure can be processed. Furthermore, Figure 4c -e shows that a processed graphite microstructure can achieve nanometer amount of graphite etched. Therefore, graphite can be directly subjected to micro-/nanoprocessing such as etching, and the micro-/nanoscale graphite structures can be stably and controllably processed, thereby illustrating that the adaptability of graphite as a basic MEMS material to micro-/nanoprocessing.
by RIE to produce neatly arranged graphite micro-/nano structures. Figure 4a,d, 3 and S2 show that circular graphite microstructure can be processed. Furthermore, Figure 4c -e shows that a processed graphite microstructure can achieve nanometer amount of graphite etched. Therefore, graphite can be directly subjected to micro-/nanoprocessing such as etching, and the micro-/nanoscale graphite structures can be stably and controllably processed, thereby illustrating that the adaptability of graphite as a basic MEMS material to micro-/nanoprocessing. 
Conclusions
In conclusion, this paper used directly lithography and etching to study micro-/nanoprocessing on graphite. The results show that graphite can be directly processed by lithography and different mask patterns can be designed according to requirements. Moreover, various photoresist patterns can be accurately and controllably processed on graphite with uniform height, and graphite with photoresist patterns can be directly processed by etching nanometer amount to form micro-/nanoscale graphite structures. In addition, the micro-meter height photoresist could resist plasma etching when process nanometers height of graphite structures. Moreover, graphite with photoresist 
In conclusion, this paper used directly lithography and etching to study micro-/nanoprocessing on graphite. The results show that graphite can be directly processed by lithography and different mask patterns can be designed according to requirements. Moreover, various photoresist patterns can be accurately and controllably processed on graphite with uniform height, and graphite with photoresist patterns can be directly processed by etching nanometer amount to form micro-/nanoscale graphite structures. In addition, the micro-meter height photoresist could resist plasma etching when process nanometers height of graphite structures. Moreover, graphite with photoresist patterns has been directly processed by etching, and nanometer amounts of graphite have been etched. Micro-/nanoscale graphite structures with height range from 29.4 nm-30.9 nm was fabricated. Furthermore, a greater thickness of photoresist would have resulted in more photoresist left behind. Therefore, this study proves that graphite can be compatible with common micro-/nanoprocessing techniques, and may supports the use of graphite to fabricate MEMS, which is important for graphite applications.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/15/3103/s1, Figure S1 (a) photograph of the mask template observed under an optical microscope (b) photographs of the photoresist patterns observed under an optical microscope, Figure S2 the electron micrograph of the etched photoresist and graphite microstructure.
Author Contributions: C.Z. conceived and designed the study; N.L. analyzed the experimental data; C.Z. wrote the paper; M.W. and provided guidance and modification of the paper. Y.L. did some experiments and characterization of atomic-force-microscopy and scanning electron microscope.
Funding: This paper is funded by the basic scientific research project of Wenzhou, China (No. G20190014).
